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Walking in a Cube: Novel Metaphors for Safely Navigating Large
Virtual Environments in Restricted Real Workspaces
Gabriel Cirio, Peter Vangorp, Emmanuelle Chapoulie, Maud Marchal, Anatole Le´cuyer, and George Drettakis
Abstract—Immersive spaces such as 4-sided displays with stereo viewing and high-quality tracking provide a very engaging and
realistic virtual experience. However, walking is inherently limited by the restricted physical space, both due to the screens (limited
translation) and the missing back screen (limited rotation). In this paper, we propose three novel locomotion techniques that have three
concurrent goals: keep the user safe from reaching the translational and rotational boundaries; increase the amount of real walking
and finally, provide a more enjoyable and ecological interaction paradigm compared to traditional controller-based approaches. We
notably introduce the “Virtual Companion”, which uses a small bird to guide the user through VEs larger than the physical space. We
evaluate the three new techniques through a user study with travel-to-target and path following tasks. The study provides insight into
the relative strengths of each new technique for the three aforementioned goals. Specifically, if speed and accuracy are paramount,
traditional controller interfaces augmented with our novel warning techniques may be more appropriate; if physical walking is more
important, two of our paradigms (extended Magic Barrier Tape and Constrained Wand) should be preferred; last, fun and ecological
criteria would favor the Virtual Companion.
Index Terms—Virtual reality, locomotion techniques, walking, restricted workspaces.
1 INTRODUCTION
Immersive spaces such as 4-sided (cube or CAVE-like [5]) displays
with stereo viewing and high-quality tracking provide a very engag-
ing and realistic virtual experience. Recent advances in tracking and
display technologies have now made it possible to immerse users in
complex and engaging Virtual Environments (VE), resulting in a very
strong feeling of presence.
In many cases, walking inside immersive spaces improves presence
[25], naturalness [25, 28] and task performance [28, 19]. However,
such setups inherently limit real walking due to the restricted physical
space. Users can only walk for a few steps before encountering the
physical screens (limited translation), raising additional issues such
as user safety, screen damage, tracking loss and visual artifacts. In
addition, there is often no rear screen on the cube; when the activity
in the VE requires the user to turn, their illusion of presence could be
broken by the missing screens (limited rotation). Finally, locomotion
is often achieved with a wand which is unnatural and permanently
encumbers one hand.
Our goal is to address these limitations of cube-like immersive
displays, namely 1) keep the user “safe” from reaching translational
and rotational limits, 2) increase the amount of real walking for the
aforementioned reasons, and 3) provide more enjoyable and ecolog-
ical paradigms compared to traditional wand-based locomotion tech-
niques. Ecological interfaces can be either real or virtual devices that
fit into the concept of the virtual world and must behave in a natural
and intuitive way.
At first glance, these goals may seem simple or just plain common
sense. However, developing locomotion metaphors achieving these
techniques can be surprisingly hard. There has been a significant body
of work on walking in VEs, which we review in detail in Sect. 2. Most
notably, for cube-like spaces, techniques such as “Walking in Place”
[24] have been proposed; however they do not involve true physical
walking. Several approaches have been developed for modifying the
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Fig. 1. One of the novel locomotion techniques we propose: the Virtual
Companion is implemented with a bird which both warns the user about
physical workspace limits and allows navigation in the environment us-
ing a metaphor with virtual reins.
walking path (e.g., “Redirected walking” [16]), but they usually re-
quire a space which is larger than a typical cube-like display. Among
others, the “Magic Barrier Tape” [4] has been proposed to rid the user
of the wand; however, it is not completely ecological, and does not
directly apply to a cube.
In this paper, we propose three new techniques which address these
limitations in different ways and to different degrees. First, they all
incorporate a warning technique which prevents users from hitting the
walls or seeing the missing screen. Second, they incorporate a lo-
comotion technique which enables displacement to out-of-reach loca-
tions using a rate-control paradigm (similar to flystick or wand-based
control). In two of the new techniques the rate-control is deactivated
when the user is far from the walls, i.e., inside the “safety zone” of
the cube, in order to maximize walking in this area. These three tech-
niques were developed in a continuum, from less to more ecological:
each technique is progressively more integrated with the virtual world.
The first metaphor, called the Constrained Wand and Signs extends
the basic and well-known wand paradigm by adding virtual warning
signs and forcing the user to walk to the limits of the space before
activating the wand. The second metaphor extends the Magic Barrier
Tape [4] to deal with the problem of the missing screen and the small
physical space. Our third metaphor introduces a Virtual Companion
which uses a bird to provide an even more ecological warning and lo-
comotion metaphor (Fig. 1). We evaluate these three metaphors by
comparing them first to a “base condition” which is a simple wand in-
terface augmented with our novel virtual signs for safety reasons. We
use two experimental methods to compare the techniques. First, we
collect tracking data and analyze quantities such as walking distance,
speed etc. Second, we use Likert-scale questionnaires to evaluate the
impression of the user in terms of accuracy, walking sensation etc.
Our main contributions are thus: three novel metaphors for immer-
sive navigation using restricted physical workspaces, namely 1) the
Constrained Wand, 2) the Extended Magic Barrier Tape, and 3) the
Virtual Companion; together with a comparative evaluation of these
techniques at a “proof-of-concept” stage of usability, which provides
insights into the relative strengths and weaknesses of each and should
help developers choose the appropriate approach depending on their
application needs. Most notably, our new metaphors introduce a solu-
tion to the problem of looking at the missing screen and present a novel
locomotion interface paradigm in the form of the Virtual Companion.
The rest of the paper is organized as follows. After discussing pre-
vious work (Sect. 2), we give a detailed presentation of each tech-
nique (Sect. 3), followed by the description of our experiment and
results (Sect. 4,5). We then discuss the results (Sect. 6) and conclude
in Sect. 7.
2 PREVIOUS WORK
There is an important body of work on locomotion techniques for vir-
tual reality [1, 2]. We first review techniques which either allow loco-
motion with no physical motion of the user (static locomotion) or no
spatial displacement (walking in place). We then discuss locomotion
techniques involving natural walking, which are more relevant to our
work.
2.1 Static Locomotion and Walking in Place
There are several known Virtual Reality (VR) locomotion metaphors
where the user is not required to walk [2], and therefore do not need to
overcome restricted workspace problems. Examples of these include
teleportation i.e., an instantaneous change of position to a new loca-
tion. Worlds In Miniature (WIM) [14] is a metaphor where the user
has a copy of the virtual world in his hands. Users can choose a lo-
cation in the copy and be smoothly taken there in the “real” virtual
world. Probably the most common locomotion technique is the Flying
Vehicle where the environment is not manipulated. The illusion is that
the user can move through the world, either by using a mock-up, a
wand or other device.
Walking in place [20, 24] simulates the physical act of walking
without forward motion of the body; a virtual forward motion is in-
troduced. Visual optical flow of navigation, that should be matched
by proprioceptive information from the natural walking gait, is instead
matched by proprioceptive information from a gait close to natural
walking. The sense of presence is greatly increased compared to static
locomotion techniques [25], but other sensory data related to walking,
mainly vestibular cues, are still missing.
2.2 Natural Walking
Several studies have shown the benefits of using natural walking for
the navigation of virtual environments, in terms of task performance
[19, 8, 28], presence [25] and naturalness [11, 25, 28]. Hence, several
techniques try to adapt natural walking to restricted size workspaces.
In Step WIM [12] a user invokes a miniature version of the world
at their feet, allowing distances greater than the physical environment
to be traveled. The user can walk on the WIM to a new position and
trigger a rescaling command that will scale up theWIM until it reaches
the virtual world size. When used in a CAVE, where the field of view is
restricted by the missing screen, a mapping of the 360◦ of the scene to
the system display field is used. The effect of the technique is noticed
by the user, requiring a small adaptation time to adjust, and does not
entirely solve the missing screen problem.
Resetting techniques [26, 27] try to overcome the limited working
environment problem with natural walking using head-mounted dis-
plays (HMDs). They reset the user’s position or orientation in the
real world when reaching workspace limits, without breaking spatial
awareness of the virtual world. In the freeze-backup technique, the vir-
tual world is frozen and the user takes steps backwards to re-center her
real world position inside the workspace. In the freeze-turn technique,
the orientation of the user is frozen while she physically pivots 180◦.
In the 2:1-turn technique, a 360◦ virtual rotation is mapped to a 180◦
real world rotation, and the user also physically pivots 180◦. These
resetting techniques are performed consciously by the user following
a warning signal, which implies a break in immersion. Moreover, the
resetting itself might feel unnatural.
The Seven League Boots [9] allows natural walking in virtual
worlds larger than the real space. It scales the user’s speed only along
their intended direction of travel, using gaze and previous displace-
ment direction. Although well appreciated, it does not entirely solve
the limited workspace problem.
The Magic Barrier Tape [4] explicitly displays the boundaries of
the real environment within the virtual environment as virtual barrier
tape. It allows natural walking locomotion within the space delimited
by the tape, as well as rate control at the boundaries by pushing on
the tape. It provides an easy, intuitive and safe way of navigating in a
virtual scene, without breaking the sense of immersion, but does not
solve the missing screen problem if used in a CAVE.
2.2.1 Redirection techniques
Redirected Walking [16, 21, 10] and Motion Compression [13, 7, 22]
techniques “trick” the user into walking in a curved path in the real
world when walking in a straight line in the virtual world through the
progressive rotation of the scene around them. In a sufficiently large
workspace, and with a straight virtual path, the user can walk end-
lessly without reaching the limits of the real workspace. These tech-
niques are natural and in some cases imperceptible. However, they
require large workspaces, can be confusing when doing unpredictable
or quick changes of direction, and may require distracting events [15].
In practice, they are more suited for HMDs and wide area tracking
systems.
Redirected Walking was used in combination with a walking in
place technique in a CAVE environment to avoid looking at the miss-
ing screen [17]. Experiments showed that the frequency of looking at
the missing screen was not reduced compared to hand-held navigation,
although the variance was.
In the specific case of architectural virtual walkthroughs, the Arch-
Explore interface [3] allows the use of redirection techniques in small
environments such as CAVEs. A virtual door mechanism is combined
to increased (perceptible) redirection gains and the splitting of virtual
rooms considered too large for redirection into smaller sized rooms.
The missing screen problem is not addressed in this work.
In recent work, change blindness redirection [23] redirects users
wearing HMDs by making dynamic changes to the environment, such
as changing the configuration of doors and corridors while the user
is focusing on a distracting task. The fact that the technique is not
noticeable renders these results very promising.
There is clearly a lack of adequate locomotion techniques allowing
immersive real walking and infinite exploration for CAVE-like envi-
ronments. Existing techniques exhibit many limitations, and there is
no convincing solution for the missing screen problem. Although very
promising, redirection techniques require specific real and virtual en-
vironments in order to work correctly. In this work, we address these
issues by proposing three novel locomotion techniques for safe, natu-
ral and enjoyable navigation within CAVE-like environments.
3 THREE NOVEL LOCOMOTION TECHNIQUES
In the introduction, we presented three goals: 1) keep the user safe,
2) increase walking, 3) eliminate the wand and provide an ecological
(a) (b) (c) (d)
Fig. 2. Screenshots illustrating the three techniques. From left to right: (a) Constrained wand and signs: The “no-way” and “turn right” signs.
(b) Extended MBT: the tape and blinders. (c,d) Virtual Companion: the bird in “rest mode” (c) and “protection mode” (d).
locomotion metaphor. In this section, we present our three new loco-
motion metaphors designed to achieve these goals. We encourage the
reader to view the accompanying video for a better illustration of the
metaphors.
3.1 Motivation for New Locomotion Metaphors
Our three novel metaphors can be seen as varying from simple (and
trivial) to more complex, and from less to more ecological. The tech-
niques are indeed progressively more embedded in the virtual envi-
ronment. We wanted to avoid using rotation and translation scaling
due to their noticeability in small evironments [16, 3] and their need
of specific virtual environments. Instead, we used hybrid position/rate
control approaches, based on the good results of previous locomotion
techniques for limited workspaces [4].
The techniques we introduced were outlined in the introduction.
For two of the techniques the rate-control mode is not possible when
the user is located far from the boundaries of the workspace, i.e., inside
the central (and thus safer) area. This satisfies our second goal by
strongly encouraging the user to walk whenever they are located inside
the safe area of the restricted workspace.
In the constrained wand (CWand) approach warning signs are pre-
sented before collisions (translation) or when turning the head too
far (rotation). When the signs are visible the wand can be used as
usual. This metaphor both encourages walking and keeps the user safe
(Fig. 2(a), 4(left)).
In the Extended Magic Barrier (eMBT), the user can move beyond
the physical space by pushing the barrier with their hand (Fig. 2(b)).
By construction, the barrier only appears when approaching the walls
or rotating too far. As a result this metaphor also encourages walking,
keeps the user safe and removes the need for the wand.
The third novel metaphor is the Virtual Companion, which is an an-
imated bird in the virtual environment. The bird serves two purposes:
it protects the user at the limits by becoming red and flying close to the
user’s face (Fig. 2(d)), and can be “tethered” with virtual reins similar
to the “Turtle Surf” technique [18], thus serving as a locomotion inter-
face. This approach protects the user, leaves their hands free and is the
most ecological of the three since the bird is part of the VE. However,
it only slightly encourages walking, by forcing users to step backwards
when they are too close to the screens or have turned too far.
3.2 General Terminology and Quantities
Before presenting the three techniques in detail, we introduce
some terminology and the corresponding boundaries in the physical
workspace. In our case, this is a 4-sided cube-shaped space (3 walls
and the floor) measuring 3.2 m wide × 3.2 m long × 2.4 m high.
At a high level, we define a “safety zone” in which the user is not
looking at the missing screen and is not close to the walls of the cube.
We then define a “danger zone” in which there is a danger of phys-
ical collision with the walls or of seeing the missing screen, and a
“reaction” zone in which boundary cues are progressively presented,
warning the user that they are getting close to the danger zone. These
zones are common to all techniques.
Fig. 3. Regions and boundaries for translation (left) and rotation (right)
common to all techniques.
For translation, these zones are defined by the following translation
boundaries, illustrated in Fig. 3(left).
• T0 is the physical position of the walls.
• T1 bounds the danger zone for translations, with T1 = T0 − d1.
The translation danger zone is between T1 and T0, where there is
a risk of collision with the physical walls; we set d1 = 40 cm for
our environment, empirically leaving enough space for comfort-
able arm motion.
• T2 bounds the reaction zone, with T2 = T0 − d2. The translation
reaction zone is between T2 and T1, while the translation safety
zone is between the workspace center and T2. We set d2 = 75 cm,
which empirically allows ample warning for reasonably fast mo-
tion.
For rotation, these zones are defined as follows and illustrated in
Fig. 3(right):
• Vector R1 bounds the danger zone for rotations. It is defined by
the vector P0 − Phead , where P0 is a position on the side walls,
and Phead is the position of the user’s head. P0 was set at 60 cm
from the missing screen after testing for an early warning and
a correct rendering of the visual warning cues. When turning
beyond R1, the user is in the rotation danger zone. The angle
between the head orientation and R1 defines the angular distance
from the user to the rotation danger zone.
• Vector R2 bounds the reaction zone for rotations. It is defined by
the angle a0 to R1. The rotation reaction zone is between R2 and
R1, and the rotation safety zone is before R2. We set a0 = 25
◦
considering a reasonably fast rotation motion of a user.
In rate control, the motion velocity goes from 0 to 1.5m/s in trans-
lation and from 0 to 1rad/s in rotation. The control of the velocity is
linear for all three techniques, but the input mechanism is different and
adapted to each metaphor, as detailed in the locomotion paragraphs of
the subsequent descriptions.
3.3 Constrained Wands and Signs
The constrained wand is illustrated in Fig. 4.
Warning A semi-transparent “no-way” sign appears when the
user reaches T2 and becomes fully visible at T1. For rotation, a “turn-
left” sign appears when the user turns right into the reaction zone
(equivalently “turn-right”). Fig. 2(a) shows both visuals.
Locomotion Users can use the wand only in the reaction and
danger zones. In these zones, the wand is operated in the customary
manner. The forward translation direction is given by the wand direc-
tion.
Implementation For rotations, the sign position is in the viewing
direction and in the reaction zone its distance varies linearly between
0.7 m and 1.2 m from the user’s head position.
P0
NO-WAY
SIGN
TURN
SIGN
T2
T1
T0 P0
R2
R1
USER
Fig. 4. The constrained wand: signs become visible to warn for rotation
and translation.
3.4 Extended Magic Barrier Tape
The eMBT is illustrated in Fig. 5.
Warning The “translation tape” is located at T1 and is aligned
with the walls. It appears semi-transparently when the user is at T2
and becomes fully visible at T1. For rotation, we have introduced
“virtual blinders”. These start at the side of the translation tape (see
Fig. 5(right)), and progressively become wider until they completely
block the view of the user when reaching the head (see Fig. 2 (b)).
Locomotion The user translates by pushing the tape forward with
a tracked hand. The speed depends linearly on how far the user pushes,
and the direction is defined by the positions of the head and the hand.
Rotation is achieved by a “pushing back” gesture on the blinders.
BARRIER
BLINDER
P0
T2
T1
T0 P0
R2
R1
USER
Fig. 5. Extended MBT: the tape follows the walls, and blinders warn for
rotation.
Implementation We experimentally set the height (“altitude”) of
the tape to 1.4 m; it is infinitely thin, has a width of 15 cm and a yel-
low/black slanted texture imitating real barrier tape. The blinders fol-
low Be´zier curves with the tape/blinder intersection, P0 and the user
head position as control points. The width of the blinder at the user’s
head is 60 cm.
3.5 Virtual Companion
The Virtual Companion (VC) is the most innovative of the three tech-
niques we introduce. An interactive “companion” is used to implement
warning and locomotion (see Fig. 1, 2(c)-(d)). In our implementation
we used a bird with flapping wings, but other representations could be
used (dog, fairy etc.). In contrast to the previous techniques, locomo-
tion can be achieved in the safety zone for the VC. However, if the
user is in the danger zone, she must step back into the safety zone to
initiate locomotion.
Warning When the user is in the safety zone, a blue bird stays
near the closest wall, calmly flaps its wings and hovers at the height of
the head (see Fig. 6, 2(c)). We call this “rest” mode. In the translation
reaction zone, the bird’s position is at the position of the user’s head
projected onto the closest wall. We call this “following mode”. In the
danger zone (translation and rotation), the bird flies directly in front
of the user’s face, turns red and angrily flaps its wings (Fig. 2(d) and
video). This is “protection mode”.
PROTECTION MODE
FOLLOWING MODE
P0
T2
T1
T0 P0
R2
R1
USER
REST MODE
Fig. 6. The Virtual Companion. Left: the gesture for turning. Right: the
bird changes position and color to warn for rotation and translation.
Locomotion We introduce a set of gestures to navigate with the
VC using virtual reins. These are illustrated in Fig. 7. The user invokes
“navigation mode” by bringing their hands together for 1 second. The
reins then appear, attaching the user’s hands to the VC. The VC moves
in front of the user. To cancel navigation mode, the user crosses her
arms. To move forward the user imitates a move forward command
that would be given to a horse (moving the reins up and down). Once
the motion has started, the user moves their hands forward to accel-
erate, and pulls back to decelerate and eventually stop. Rotation is
achieved by moving the corresponding hand to the side. The rotation
speed is given by the distance between the hands. To stop turning, the
active hand is moved back next to the other hand. The gestures can be
seen in the accompanying video. The implemented gestures are given
as examples but future work could focus on the best way to control the
Virtual Companion.
Implementation The bird follows Be´zier curves using the cur-
rent position and past and future goal positions for smooth interpo-
lation between trajectories. Rotation protection has priority over the
translation protection, except when reaching T1 where priorities are
inverted. The move forward gesture is the most sensitive: the user has
1 s to complete an up-down movement of 25 cm with both hands.
4 EVALUATION
To evaluate the different metaphors described above, we compare
the three new locomotion techniques, namely Constrained Wand, Ex-
Fig. 7. The gesture set for controlling the Virtual Companion.
tended Magic Barrier Tape, and Virtual Companion. We also include
in the comparison the “baseline condition” of a standard Wand inter-
face, typically used for navigation in CAVE-like workspaces, which
is expected to be faster and possibly more accurate. The only en-
hancement for the wand is the appearance of warning signs for col-
lision, thus avoiding physically bumping into walls. We chose this
approach to provide a fair comparison; in typical workspaces the ex-
perimenter/operator uses a verbal warning to avoid collisions which
adds a modality unavailable in the other techniques.
We conducted two experiments corresponding to two different
tasks, a travel-to-target task and a path following task. Both tasks were
performed first in a simple scene with minimal visual cues to distance
and orientation (Fig. 8), and later in a complex scene with more re-
alistic visual cues (Fig. 1). The aim of the travel-to-target task was
to evaluate the walking distances during the navigation in the virtual
environment. We expected that the Extended Magic Barrier Tape and
Constrained Wand will encourage users to walk more than the other
techniques. The aim of the path following task was to test the locomo-
tion in all directions, including the missing screen. We expected that
the Virtual Companion will help users to stay in the safety zone.
Population Twelve participants (3 females and 9 males) aged
from 23 to 61 (M = 30.7,SD = 10.0) took part in this experiment.
Three of them were left-handed. Three of them wore glasses or con-
tact lenses to correct for myopia. None had any other known vision or
perception disorders. They were all unpaid volunteers and naı¨ve to the
purpose of the experiment.
Experimental Apparatus The experiment was conducted in a 4-
screen cube (3 walls and the floor) measuring 3.2 m wide × 3.2 m
long×2.4 m high. Each screen uses Infitec stereo running at 60 Hz
per eye, and was driven by a separate NVIDIA Quadro 5800 GPU
to ensure a constant 60 fps per eye. The position and orientation of
the user’s head and hands and of the wand were tracked by an ART
6-camera infrared tracking system running at 60 Hz.
Fig. 8. The simple environment used for the first block of tests in our
study. Left: simple target object, right: zigzag path.
Two scenes of different complexity were constructed for the pur-
pose of these experiments. The simple scene consisted of a large
square room (50 m×50 m) with a stone floor texture, tiled walls, and
an untextured ceiling (see Fig. 8). The complex scene was an indus-
trial hangar with a central open area where the targets were placed
(Fig. 1,2). Outside the experiment area, it was cluttered with machines,
crates, and barrels, and two more rooms were visible. This scene had
realistic distances and sizes, and high resolution textures with baked
global illumination.
For travel-to-target tasks, a target was placed in the scene. In both
scenes, the target was a marble cylinder with a red hemispherical cap
resembling a button on top. For path following tasks, the edges of the
path were marked on the floor by red arrows indicating the direction
to follow, and a yellow finish line indicated the end of the path. These
can be seen in Fig. 8 and in the video.
Procedure Before the beginning of the experiment, the four tech-
niques were explained to the subject in a training session taking ap-
proximately 15 min on average. The training scene consisted of the
simple scene, in which a 3 m path with a single 90◦ corner was marked
on the floor and three targets successively appeared. This training ses-
sion accustomed participants to the workspace, the display technology,
the locomotion techniques, and the travel-to-target and path following
tasks.
In the experiment, participants first performed a block of travel-to-
target and path following tasks in the simple scene, and then a second
block in the complex scene. Between the two blocks, there was a pause
to fill in a questionnaire of 11 Likert items. This pause also served to
avoid cybersickness from prolonged use of the workspace. After both
blocks were completed, a second, subjective questionnaire of open
questions concluded the experiment. Each block of trials lasted about
15 min, and the complete experiment, including training and question-
naires, lasted approximately 60 min on average.
Collected data For each trial and each subject, we recorded the
completion time (in seconds) and all the head tracker readings (i.e.,
position and orientation of the head). This data also allows the com-
putation of the amplitude of physical walking (in meters), and the time
spent in the danger zone. The amplitude of physical walking is the
distance traveled when walking in the real world, which of course also
causes an equal traveled distance in the virtual world. It also allows the
computation of the path deviation from the ideal path, i.e., the shortest
path to the target or the center line of the indicated path. The path
deviation (in m2) is given by the area delimited by the subject’s path
in the virtual scene and the ideal path.
4.1 Task #1: Travel to Target Task
In Task #1, our goal was to compare the 4 techniques (3 new and
Wand) in a travel-to-target task where the user had to move from a
central initial location to a new location, indicated by a target, as fast
as possible. When the target is reached, the user touches the target
with one hand and the task is completed.
Procedure Before each trial, the subject had to go back to the ini-
tial position and orientation of the real workspace (the middle position
between the side screens, at 40 cm from the missing screen and facing
the front screen). Then, the scene became visible and the participant
was instructed to look for the target in the scene, move towards it, and
touch it with one hand. The participant was instructed to use physical
walking or virtual walking using the technique, or a combination of
both, at their own choice. The target was always placed outside the
limits of the physical workspace, so some amount of virtual walking
was always required to complete the task.
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Fig. 9. Recorded trajectories of a participant performing (a) a zigzag
path and (b) a circular path. The trajectories are the result of physical
walking and/or Virtual Companion navigation and are color coded with
the speed.
Participants completed all four conditions (corresponding to the
four locomotion techniques) and the order of the conditions was coun-
terbalanced across participants. In each condition, the participants
were exposed to 2 trials, with the target either at 3.6 m straight in
front of the user’s initial position, or 4.4 m straight behind, alternating
throughout the experiment. Participants completed a total of 8 trials (2
target positions × 4 technique conditions) in each of the 2 scenes.
4.2 Task #2: Path Following Task
In Task #2, our goal was to compare the 4 techniques in a path follow-
ing task where the user had to follow a path delimited by red arrows
on the virtual ground (see Fig. 8(right)), as fast as possible and as ac-
curately as possible by trying to stay in the middle of the path.
Procedure Before each trial, the subject had to go back to the
initial position and orientation. Then, the scene became visible and the
participant was instructed to follow the path in the direction indicated
by the arrows on the floor, until they reached the finish line. Walking
instructions were the same as the first task, and again some virtual
walking was necessary since the path extended beyond the physical
space.
As for Task #1, participants completed all conditions in counter-
balanced order. In each condition, the participants were exposed to 2
trials, either with a zigzag path 12 m long and 70 cm wide, with four
90◦ corners (Fig. 9(a)), or with a circular path 12.5 m long and 80 cm
wide (Fig. 9(b)), alternating throughout the experiment. Participants
completed a total of 8 trials (2 paths× 4 technique conditions) in each
of the 2 scenes.
5 RESULTS
We first present the results from time and tracking data recorded dur-
ing the experiments and then the results of the subjective question-
naire: these are results only for the simple scene. We summarize the
differences between the simple and the hangar scenes at the end of this
section.
5.1 Recorded time and tracking data
Considering the experimental protocol, Friedman tests were used
to test for differences among the 4 navigation techniques accord-
ing to several criteria. Post-hoc comparisons were performed using
Wilcoxon signed-rank tests with a threshold of 0.05 for significance.
Reported p-values are adjusted for multiple comparisons. The results
are also visualized compactly in Fig. 10.
Time to complete the task The time needed to complete the
tasks differed significantly across the 4 techniques for all the tasks: tar-
get task (χ2 = 2.85, p= 0.02), zigzag path (χ2 = 3.64, p= 0.002) and
circular path (χ2 = 4.43, p< 0.001). For the target task, post-hoc anal-
ysis revealed that Wand was significantly faster than VC (p = 0.02).
Separating target in front and behind, there is no significant effect for
behind target, while for front target post-hoc analyis gives Wand faster
VC: 76.7 s
(SD=38.4 s)
eMBT: 68.2 s
(SD=44.1 s)
CWand: 34.3 s
(SD=12.6 s)
Wand: 22.4 s
(SD=10.3 s)
(a) Completion time, zigzag path
eMBT: 60.2 s
(SD=22.2 s)
VC: 43.4 s
(SD=22.4 s)
CWand: 36.5 s
(SD=24.9 s)
Wand: 21.0 s
(SD=6.3 s)
(b) Completion time, circle path
VC: 1.4 m
(SD=0.7 m)
Wand: 1.8 m
(SD=1.9 m)
eMBT: 3.8 m
(SD=2.8 m)
CWand: 3.8 m
(SD=1.5 m)
(c) Physical walking distance, both target tasks
VC: 1.5 m
(SD=0.7 m)
Wand: 2.4 m
(SD=2.5 m)
CWand: 4.2 m
(SD=1.8 m)
eMBT: 4.8 m
(SD=3.6 m)
(d) Physical walking distance, target behind
Wand: 3.9 m
(SD=1.9 m)
CWand: 6.5 m
(SD=3.2 m)
VC: 6.8 m
(SD=4.5 m)
eMBT: 11.3 m
(SD=4.5 m)
(e) Physical walking distance, zigzag path
VC: 3.2 m
(SD=2.7 m)
Wand: 3.6 m
(SD=2.8 m)
CWand: 7.4 m
(SD=4.1 m)
eMBT: 10.0 m
(SD=3.4 m)
(f) Physical walking distance, circle path
CWand: 37.3%
(SD=10.8%)
eMBT: 27.8%
(SD=17.7%)
Wand: 9.5%
(SD=11.5%)
VC: 9.2%
(SD=9.1%)
(g) Time spent in warning mode, target in front
Fig. 10. Visualization of the results: boxes are ordered by the results
of post-hoc tests. Separate boxes indicate statistically significant differ-
ences. We also provide the means and standard deviations for each
corresponding condition for clarity. (a)-(b) Time needed to complete
the zigzag path and the circular path. (c)-(f) Physical walking distance
for the 4 tasks. (g) Amount of time spent in reaction and danger zones
during the travel to target task with the target in front.
than CWand. For the path following task, post-hoc analysis for the
zigzag path revealed that Wand was significantly faster than eMBT
(p = 0.009) and VC (p = 0.001). For the circle path, Wand was only
significantly faster than eMBT (p < 0.001). The speed advantage of
Wand was possibly because of the precision required for locomotion.
Physical walking distance The amplitude of physical walking
differed significantly across the 4 techniques for each task: target (χ2 =
3.79, p< 0.001), zigzag path (χ2 = 4.27, p< 0.001), and circular path
(χ2 = 3.79, p< 0.001). For the target tasks, post-hoc analysis showed
that eMBT encourages physical walking more than VC (p < 0.001)
and Wand (p = 0.008). Participants also walked significantly more
with CWand compared to VC (p< 0.001) and Wand (p= 0.008).
There are significant effects for the separate target tasks. For the
front target, CWand incites people to walk more than VC (p = 0.01)
and eMBT incites people to walk more than VC (p= 0.003) andWand
(p = 0.01). For the target behind, CWand encourages walking more
than VC (p = 0.01), and eMBT encourages walking more than VC
(p = 0.003) and Wand (p = 0.01). For the path following task, post-
hoc analysis revealed that for the zigzag path eMBT encourages more
physical walking than Wand (p< 0.001). For the circle path, post-hoc
analysis showed that eMBT encourages physical walking more than
VC (p < 0.001) and Wand (p = 0.001). However, we observed that
in some cases the user walked to the danger zone once and just stayed
there because there was no incentive to return to the safe zone. The VC
and especially the Wand do not incite users to walk physically at all.
Recorded trajectories of where the participants moved in the physical
workspace are included in the supplemental material.
Time spent in reaction and danger zones The amount of time
spent in the zones where the warning visual cues are active, both in
rotation and translation, differed significantly across the 4 techniques
for each task: target (χ2 = 4.43, p < 0.001), zigzag path (χ2 = 4.43,
p < 0.001) and circular path (χ2 = 5.06, p < 0.001). For the tar-
get tasks, post-hoc analysis revealed that the time spent in reaction
and danger zones was significantly lower for VC compared to CWand
(p< 0.001) and eMBT (p= 0.04) and for Wand compared to CWand
(p < 0.001). There is also a significant effect for the separate tar-
get tasks. For target in front, users spent less time in these zones
with VC than with CWand (p = 0.003) and with Wand than CWand
(p< 0.001). For target behind, eMBT and VC reduced their time in re-
action and danger zones compared to CWand (p= 0.04 and p< 0.001
respectively). For the zigzag path following task, post-hoc analysis
showed that the time spent in reaction and danger zones was signif-
icantly lower for VC compared to CWand (p < 0.001) and eMBT
(p = 0.03) and for Wand compared to CWand (p = 0.002). For the
circular path following task, post-hoc analysis revealed that the partic-
ipants spent less time in the reaction and danger zones for VC com-
pared to CWand (p< 0.001) and eMBT (p= 0.08), eMBT compared
to CWand (p= 0.04) and Wand compared to CWand (p= 0.01).
Closer examination of the actions that trigger the warning cues re-
veals that the translation warning seems to be dominant. The CWand
and the eMBT force users to enter the reaction zone closer to the lim-
its of the physical workspace to activate the technique. Users almost
never look in the direction of the missing screen while using the eMBT.
Also, users almost never approach the limits of the physical workspace
when using the VC, and its statistic is actually dominated by the rota-
tion reaction and danger zones.
Deviation from the ideal path The deviation from the ideal path
was measured by calculating the area between the ideal and actual
paths. This metric mainly penalizes users for deviating from the ideal
path over longer stretches, such as cutting corners. The deviation from
the ideal path did not differ significantly across the 4 techniques for
both types of task.
Scene differences The same experimental protocol was con-
ducted in a Hangar scene. Overall the effects observed in the sim-
ple scene are confirmed for the Hangar scene. In particular we obtain
the same significant effect for time to complete the task. For time in
danger/reaction zones, only the walk-to-target task differs: we do not
have a significant effect for eMBT for the complex scene. For the
physical distance, we do not have a significant effect for the complex
scene when the target is behind in what concerns Wand vs. eMBT.
On the other hand we do have a new significant effect for the path fol-
lowing task, i.e., for the zigzag path, eMBT encourages more physical
walking than VC (p< 0.001) and Cwand more than Wand (p= 0.02).
For the circle path, CWand encourages more physical walking than
VC (p = 0.008) and Wand (p = 0.04). Given these observations, and
since participants find visually rich scenes more enjoyable, we encour-
age the use of such scenes for this type of locomotion interface studies.
5.2 Questionnaire
After completing both tasks in the simple scene only, a preference
questionnaire was proposed in which participants had to grade the four
techniques from 1 (low) to 7 (high) according to 11 subjective criteria:
(a) Accuracy, (b) Ease of use, (c) Fun, (d) Walking sensation, (e) Fa-
tigue, (f) Speed, (g) Presence, (h) Cybersickness, (i) Safety (avoid
bumping into walls), (j) Missing screen awareness, (k) Global appre-
ciation. The questionnaire is included as supplemental material. Fig-
ure 11 shows the results concerning the grades (Likert-scale) obtained
by the four different techniques for 4 subjective criteria. By perform-
ing a Friedman test on the four different conditions, we found a signif-
icant effect for 8 criteria, including Accuracy (χ2 = 9.89, p= 0.019),
Ease of use (χ2 = 16.54, p < 0.001), Fun (χ2 = 19.36, p < 0.001),
Walking sensation (χ2= 16.34, p< 0.001), andMissing screen aware-
ness (χ2 = 9.23, p= 0.03). No significant effect was found for Cyber-
sickness (χ2 = 0.40, p = 0.94); however, participants reported very
low levels of cybersickness (M = 1.73,SD= 1.41).
Post-hoc analysis showed that the Wand was rated significantly
higher than the eMBT for accuracy (p = 0.009) and ease of use
(p= 0.003). TheWand was also rated significantly higher than the VC
eMBT VC CWand Wand
1
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6
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eMBT VC CWand Wand
1
2
3
4
5
6
7
Ease of Use
eMBT VC CWand Wand
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eMBT VC CWand Wand
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Fig. 11. Boxplots comparing the grades of the four techniques for some
of the most interesting subjective criteria in the questionnaire.
for ease of use (p= 0.003). The eMBT was rated significantly higher
than the Wand for missing screen awareness (p = 0.03) and walking
sensation (p = 0.01). The eMBT was also rated significantly higher
than the VC for walking sensation (p = 0.001). Finally, the VC was
rated significantly higher than the CWand for fun (p= 0.007). The VC
was also rated significantly higher than the eMBT for fun (p< 0.001).
6 DISCUSSION
We proposed three novel interaction techniques for locomotion in
CAVE-like environment: an improved version of the Wand technique
constraining the use of the wand to unsafe zones, an extended version
of the Magic Barrier Tape [4] adapted to CAVE-like environments and
a completely novel metaphor called Virtual Companion to assist the
user during his navigation. Our goals were: (1) to keep the user safe,
(2) to encourage the user to walk and (3) to provide ecological inter-
action techniques.
Concerning the first goal, participants never hit the wall with any
of the four techniques. We believe this was due to good user train-
ing and to the effectiveness of our methods. When comparing the
techniques among them, we see that the Virtual Companion outper-
forms the eMBT and the CWand in terms of staying in the “safety
zone” (Fig. 10(g)). Inevitably, this comes at the price of lower phys-
ical walking distance for all tasks except the zigzag path (Fig. 10(c)-
(e)). However, in this case the additional walking was mainly due to
position adjustments during navigation. Although participants spent
more time in the protection zone for the eMBT compared to the VC,
they gave higher ratings in the questionnaire to the criterion “miss-
ing screen awareness” compared to the Wand. Participants found the
eMBT metaphor useful for warning them of the real workspace limits,
as previously observed in the original version [4].
For the second goal, the eMBT induces the largest amount of phys-
ical walking for three out of four tasks, compared to VC and Wand.
This is also confirmed by the subjective questionnaire, where the tech-
nique was ranked higher than both the Wand and the VC in terms of
walking sensation. In addition, both eMBT and CWand outperform
the VC and the Wand in terms of physical walking distance when con-
sidering both target tasks (Fig. 10(c)). For the eMBT, this is also con-
firmed when taking the tasks separately, except for the zigzag path
where it outperforms only the Wand. The eMBT thus meets the initial
goal of proposing new metaphors allowing users to walk in restricted
real workspaces.
For the third goal, evaluating the success of the ecological nature of
the new metaphors is harder. The VC was judged to be significantly
more fun than the CWand and the eMBT; interestingly there was no
significant difference with the Wand. It must be noted however that
the VC scored low on ease of use; learning the gestures did require
some effort, and, like any gesture-based interface, tracking quality is
paramount. In some cases tracking did deteriorate, causing some sub-
ject frustration especially for the start gesture. Nonetheless, both the
eMBT and the VC succeed at providing a controller-free locomotion
metaphor, hence improving user interaction and freeing the hands for
other tasks. Interestingly, subjects sometimes used the VC “rein” con-
trol while walking; this shows that the VC is very well integrated in
the virtual environment, underlining its ecological nature.
The presence question did not provide any significant results. How-
ever, in the free-form comments, 8 out of 12 subjects included positive
remarks (“fun”, “great” etc.) about the VC, while no such comments
were given on the other techniques. The VC was also rated signifi-
cantly higher than the eMBT and CWand for the “fun” criterion. We
interpret this as an encouraging indication on approaches such as the
VC. The “fun” aspect of the companion as the assistance tool provided
to the participants instead of warning signs might represent a good al-
ternative to existing techniques.
Nonetheless and as expected, the Wand technique tends to be over-
all faster and more accurate, both in terms of objective measures (com-
pletion time, Fig. 10(a)-(b)), and from the subjective responses in the
questionnaire (Sect. 5.2).
It is interesting to note that the goals of providing safety and encour-
aging walking can be contradictory: when using a wand, it is possible
to go everywhere without moving or turning. Thus the safety goal is
completely achieved but walking is not encouraged. We believe that
this observation indicates a deeper issue which is confirmed by our
results.
A second issue which follows from our results is that more com-
plex –and in our case more ecological– interfaces come at the price of
slower speed in task accomplishment. This was true both for eMBT
and VC. To a lesser extent there is also an effect on task accuracy.
Both these issues are tradeoffs which needs to be considered by
application designers. Table 1 provides an overview of the different
techniques we have proposed, summarizing the relative strengths and
weaknesses of each. It could help developers choose the appropriate
approach depending on their application needs. The different criteria
reflect the main aspects that were evaluated and discussed in this paper,
grouped by goal. This overview takes into account statistical data as
well as subjective feedback and observations made during the experi-
ment. As such it should be considered cautiously. Still, it seems that
if speed and accuracy are paramount, more traditional controller in-
terfaces may still be appropriate, but augmented with our novel signs
and warning techniques for improved safety. If physical walking is
more important, using a paradigm such as eMBT or CWand should be
preferred. Last, ecological criteria (fun, no wand, integration in the
environment) would favor the VC and its gestural interaction with a
friendly virtual character.
7 CONCLUSIONS
We have presented a study of locomotion in restricted physical immer-
sive workspaces. We set out to achieve three goals, namely keeping the
user safe, encouraging walking and providing ecological navigation.
We presented three new techniques, the Constrained Wand, the Ex-
tended Magic Barrier Tape and the Virtual Companion. We designed
and ran a user study to compare the relative advantages of each ap-
proach, and compare to a traditional wand “baseline” condition. Over-
all our three new techniques all achieve at least two of the initial goals.
They all achieve safety in translation to some extent, since we did not
observe collision issues. The CWand and the eMBT also achieve in-
creased walking. The VC achieves ecological interface to some extent,
Goal Criterion Wand CWand eMBT VC
1 Safety translation ++ + + ++
rotation + + ++ +
2 Physical walking - - + ++ - -
Requires wand - - - ++ ++
3 Fun + - - ++
Presence ? ? ? ?
Fast navigation ++ + - -
Other Ease of use ++ + - -
Learning time ++ ++ + -
Table 1. Summary of main advantages/drawbacks of our techniques.
since it does not require a wand and subjective grades for “fun” and
user free-from comments highlighted its engaging nature.
We have notably introduced a solution to the problem of seeing
the missing screen in cube-like immersive spaces. This is confirmed
by our study which indicates in particular that when using the eMBT
method users almost never look the missing screen.
We believe that our study provides interesting insight into the vari-
ous tradeoffs involved in locomotion techniques for restricted immer-
sive spaces. We have introduced three new metaphors, each having
different comparative strengths and weaknesses. We are particularly
hopeful about the Virtual Companion paradigm and its potential for
future navigation methods.
Of course, an ideal locomotion interface for restricted spaces should
be able to achieve all three goals simultaneously. One possible direc-
tion for this is to have a more reactive “intelligent” virtual compan-
ion; however such a research direction adds numerous challenges. The
Virtual Companion technique could also be tested using other repre-
sentations. For instance, more “human” creatures, such as a fairy or
an angel, could represent a virtual “guardian angel”. These creatures
could justify the use of additional and promising verbal feedback. Ad-
ditional sensory feedback could be incorporated, such as auditory ef-
fects (known to increase warning performances [29]) or haptic feed-
back (known to increase performance of rate-control [6]). The gestures
controlling the VC could be improved, taking into account ergonomics
and usability criteria.
Future work could also focus on further evaluations of our tech-
niques to inform about their usability in concrete VR applications.
Different fields could be tested (industry, medicine, architecture, etc.)
with context-based metaphors matching the requirements and repre-
sentations used in every particular application field.
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